We have isolated 14 different Schizosaccharomyces pombe mutants that synthesize invertase enzyme constitutively. Analyses of invertase activities revealed that the degrees of resistance to glucose repression were not similar among different complementation groups. One of the complementation groups appeared to be associated with functional and/or regulatory defects in hexose transport. Another complementation group appeared to be specific for the regulation of the inv1 gene alone, implying that these mutations might be associated with different genes acting on the glucose sensing and signaling pathway. In addition, we found that the wild-type level glucose uptake is essential for the fulllevel repression of inv1 expression.
Glucose is the preferred carbon source for most organisms, including yeasts. It plays important regulatory roles in the expression of many genes, those encoding proteins in the respiratory pathway and glycolysis, enzymes for utilization of alternative carbon sources, glucose transporters, etc.
1-3) Therefore, glucose sensing and signaling and the regulatory molecules involved in this process are of great importance. At high levels of glucose (!1%), expression of genes encoding enzymes for the utilization of alternative carbon sources such as sucrose, galactose, maltose are repressed via the control mechanism. This is called catabolite repression.
The major steps in glucose repression include glucose sensing by membrane-bound receptors, and generation and transduction of glucose signals into the cell for modulation of enzyme activities and/or gene expression. [4] [5] [6] Molecular mechanisms of glucose sensing and signaling is well-defined in S. cerevisiae. [1] [2] [3] In most studies with this yeast, invertase synthesis and the SUC2 gene, which encodes invertase, have been used as a model system to identify the molecular components of the glucose signaling pathway. 7) In contrast to S. cerevisiae, control mechanisms in glucose sensing and signalling have not been analyzed in detail in the fission yeast Schizosaccharomyces pombe. Nonetheless, it has been shown that glucose sensing is achieved by the membrane receptors that act through the cAMP dependent protein kinase-A pathway in this yeast. 8) Components of this pathway include the Git3 G-protein-coupled receptor and a heterotrimeric Gprotein. Protein kinase-A activation appears to act both in post-translational and glucose-dependent transcriptional regulation of some genes. 9) Multiple genes that encode hexose transporters have also been identified in S. pombe.
10)
Synthesis of invertase in S. pombe was derepressed at low levels of glucose (0.1%), while repression occurs at higher concentrations (!1%). 11) Invertase is a periplasmic enzyme in S. pombe. 12) Inv1 gene that encodes invertase enzyme has been cloned from the fission yeast. 13) Using the regulated expression of invertase synthesis as a model system, we aimed to establish a preliminary base for further studies to deal with the glucose sensing and signaling mechanisms in S. pombe. For this purpose, we isolated and characterized 14 constitutive invertase mutants, which were further classified into four different genetic complementation groups.
Wild-type S. pombe Lindner liquifaciens (972 h À and the opposite mating type 975 h þ ) and mat2-B102 (meiosis deficient) strains were used. Yeast media YEL, rich liquid medium (yeast extract 0.5%, glucose 3%); YEA, rich medium solidified with agar; MEA, malt extract agar medium (0.3% malt extract, 2% agar); and MMA, minimal agar medium, were used for cultivation of S. pombe strains. 14) Cells were mutagenized with 3% (v/v) ethyl methanesulfonate (EMS) in 0.1 M NaH 2 PO 4 buffer for 1 h. 15) Selection was made on the basis of resistance to glucose repression in the presence of a non-metabolizable glucose analog, 2-deoxy-D-glucose (2-DOG).
16) Surviving cells were spread onto selective plates containing 0.5% yeast extract, 250 mg/ml 2-DOG, and 2% sucrose as the sole carbon source, and incubated at 30 C for 7 d. Selected 2-DOG resistant colonies were tested again on selective plates containing various concentrations of 2-DOG (250-1,000 mg/ml).
2-DOG resistant colonies were obtained at a frequency of about 2:7 Â 10 À7 . In two independent mutagenesis experiments, 14 mutant colonies were selected for further characterization. These mutants were named ird-1 through ird-14 (invertase repression defective).
Each one of the mutants was crossed with the mat2-B102 strain. All of the stable diploids failed to grow on selective medium containing sucrose plus 2-DOG, indicating that all mutations were recessive. In addition, the ird mutants were found not to be auxotrophic, since they grew on minimal medium.
The ird mutants were also monitored for their ability to grow on higher concentrations of 2-DOG (250-1,000 mg/ml). All of the ird mutants grew on these selective media, while the wild-type cells failed to grow. These results confirm that invertase synthesis in the ird mutants takes place constitutively even under much higher repressing conditions.
The random spore analysis technique was used to determine the genetic complementation groups of the mutants. 14) Reciprocal crosses were performed between the mutants. In an individual cross, the presence of 2-DOG sensitive colonies among the randomly chosen spores should reveal that these two mutants are nonallelic.
Random spore analysis indicated that these mutants might be classified in four complementation groups: Group I (ird-1, 3, 4, 5, 6, 7, 10), group II (ird-11), group III (ird-2, 9, 12, 14), and group IV (ird-8, 13). ird-5, 11, 13, and 14 were randomly selected as representatives of groups I-IV respectively.
In order to compare the glucose repression levels on invertase activities in ird mutants, we measured the total invertase activities of the representative ird mutants and wild-type cells grown either under repressed (2% glucose) or under derepressed (0.1% glucose) conditions. As shown in Table 1 , the repression degrees of invertase activity in different complementation groups were found to be different, varying from 21.9% (ird-14) to 73.9% (ird-5), whereas glucose repression in the wild-type cells (used as the control) was calculated to be 91.1%. It was obvious that the derepressed level invertase activity was almost 2-to 3-fold higher than that of the wild-type cells in the mutants, except for ird-11 (Table 1) .
Glucose consumption rate also has an effect on glucose repression. Lack of glucose repression in some ird mutants might result from the inefficient glucose uptake in these ird mutants. In addition, some of the ird mutants (e.g., ird-5, 13, and 14) showed a slow-growth phenotype when grown on glucose. To test the possibility that slow growth and lack of glucose repression might be related to reduced glucose consumption, we analyzed the glucose consumption efficiencies of the mutants. As expected, glucose consumption was found to be very slow in the mutants that exhibited slow growth at a low glucose concentration (0.2%), except for ird-11 (Table 2 ). These results suggest that the degree of resistance to glucose repression might be related to reduced glucose consumption. Interestingly, ird-5 showed higher repression (close to that of the wild-type) despite the reduced glucose consumption efficiency.
These results indicate that wild-type level glucose uptake is essential for full-level repression of inv1 expression. This observation is also consistent with the previously reported functional ties between glucose consumption and glucose repression in S. cerevisiae. [17] [18] [19] b DR and R represent derepressed (0.1% glucose) and repressed (2% glucose) growth conditions. c Repression ratios were determined by assuming that invertase activity is 100% in derepressed conditions For invertase assay, repressed and derepressed cell cultures were prepared in media containing 2% and 0.1% glucose respectively, and incubated at 30 C (180 rev/min) for 1.5 hours. 20) Total invertase activity was assayed in crude extracts from cells lysed with glass beads, as described previously. 21) The amount of glucose deliberated at the end of the reaction was determined by the glucose oxidase-peroxidase system (GOD-POD assay) using a commercial kit (Fluitest Ò GLU, Biocon, Germany). 22) One unit of invertase activity was expressed as the amount of total invertase that catalyses the release of 1 mM glucose per min per 100 mg of dry weight. In order to determine the glucose consumption efficiencies of the wildtype and the ird mutants, yeast cells were harvested from YEL at their mid logarithmic stage, washed twice with sterile distilled water, and then resuspended in liquid medium containing 0.5% yeast extract and 0.5% glucose. The flasks containing cell suspensions were incubated at 30 C, at 180 rev/min. The decrease in extracellular glucose concentration was determined enzymatically at 30-min time intervals by the glucose oxidaseperoxidase system (GOD-POD assay) using a commercial kit (Fluitest Ò -GLU, Biocon, Germany). 22) There appears to be a correlation between low glucose consumption and low glucose repression in the ird-11, 13, and 14 mutants. But, interestingly, ird-5 (in complementation group I) exhibits a higher level of repression among the mutants, although the glucose consumption rate of this mutant is slow (Tables 1 and  2 ). This might imply a mutation leading to functional and/or regulatory defects specific to hexose transport. Consequently, like S. cerevisiae, normal glucose transport appears to be the critical step in glucose repression of the inv1 gene.
But, in the case of ird-11 (in complementation group II), glucose transport appears to be maintained efficiently, indicating that the function and/or the regulation of hexose transporter genes is normal in this mutant. Therefore, it is suggested that these types of mutants might be defective downstream of glucose uptake step.
Initial characterization of the ird mutants in this study indicated the complexity of the control mechanisms responsible for glucose repression in S. pombe, since no uniformity was found among the mutants with respect to their responses under the conditions tested. Mutational analysis of the regulation of inv1 gene expression appears to be a good approach for dissecting the large numbers of regulatory factors that are involved in the different steps of the glucose sensing and signaling pathways in S. pombe. Studies towards the selection and identification of the mutant gene(s) by screening the ird strains for complementation from the S. pombe genomic library are in progress.
Biochemical and genetic characterization of the ird mutants revealed that there was no uniformity among the mutants with respect to the characteristics analyzed in this study (e.g., glucose consumption efficiencies, and invertase synthesis under repressing/derepressing conditions). These results suggest that the ird mutations might have been associated with different steps of regulatory pathway(s) leading to glucose repression of the inv1 gene. From this point of view, data to be obtained from the preliminary analysis of ird mutants might establish a good base for further studies targeting the investigation of glucose sensing and signaling mechanisms in S. pombe.
